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Highlights

f Optimal net present value reverse electrodialysis (RED) process design and
operation.

' Recycle and reuse alternatives improves the cost-competitiveness of RED.

I The optimal solution outperforms the conventional series staging of RED units.

I Limited low-salinity feed restricts the electricity profits making RED unprofitable.

§ Efficient and systematic decision-making tool over simulation-based approaches.
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Abstract

Reverse electrodialysis (RED) is an emerging electro-membrane technology that
generates electricity out of salinity differences between two solutions, a renewable
source known as salinity gradient energy. Realizing full-scale RED would require more
techno-economic and environmental assessments that consider full process design and
operational decision space from the RED stack to the entire system. This work presents
an optimization model formulated as a Generalized Disjunctive Programming (GDP)
problem that incorporates a finite difference RED stack model from our research group
to define the cost-optimal process design. The solution to the GDP problem provides the
plant topology and the RED unitsd working conditions that maximize the net present
value of the RED process for given RED stack parameters and site-specific conditions.
Our results show that, compared with simulation-based approaches, mathematical
programming techniques are efficient and systematic to assist early-stage research and

to extract optimal design and operation guidelines for large-scale RED implementation.
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1. Introduction

Dispatchable low-carbon sources of power are essential to meet flexibility constraints in
clean energy transitions (Davis et al., 2018). Salinity gradient energy (SGE), or the free
energy released during the mixing of high salinity and low salinity waters (Pattle, 1954),
is a vast yet largely untapped renewable source that can buffer the hour-to-hour
variability of intermittent renewable power sources. According to Gibbs free energy of
mixing, each cubic meter of river water (1.5 mM NaCl) flowing into the sea (0.6 M
NaCl) stores 0.44 kWh of baseload and non-pollutant extractable energy (Yip et al.,
2016). It is estimated that about 1.4 to 1.7 TW is available globally from major river
mouths (Alvarez-Silva et al., 2016; Ramon et al., 2011), of which ~60% could be
harnessed depending on SGE conversion efficiency, siting constraints, freshwater
availability, and environmental and legal constraints (Alvarez-Silva et al., 2016;
Kuleszo et al., 2010; Ramon et al., 2011). Alternatively, anthropogenic waste streams of
energy-intensive processes such as desalinationds concentrates, reclaimed wastewater
effluents, produced waters (a by-product of oil and gas extraction), or thermolytic salt
solutions in energy storage and close-loop applications that recover low-grade waste
heat energy, promise higher SGE (Tian et al., 2020; Tufa et al., 2018; Yip et al., 2016).
For instance, seawater desalination brine (1.2 M NaCl) mixed with low salinity effluent
from wastewater treatment (10 mM), almost doubles the seawater-river water pairds
SGE, e.g., 0.85 kWh per m® of low salinity stream (Yip et al., 2016). Global wastewater
discharge into the sea could provide another 18.5 GW of salinity-gradient power

(Ramon et al., 2011).



There are different technologies to capture SGE reported in the literature (Logan and
Elimelech, 2012; Yip et al., 2016), among them reverse electrodialysis (RED) and
pressure retarded osmosis (PRO) are in advanced development stages and have been
demonstrated at pilot-scale (IRENA, 2020; Jang et al., 2020; Kempener and Neumann,
2014; Makabe et al., 2021; Mehdizadeh et al., 2021; Nam et al., 2019; Parnamée et al.,
2020; Post et al.,, 2010; Tedesco et al., 2017). Both technologies use selective
membranes to draw electricity out of the reversible mixing between high and low
salinity streams. RED is an electrochemical technology that uses ion-exchange
membranes (IEM) to directly generate electricity from chemical potential differences
between the two salt-differing water solutions (Pattle, 1954). A RED stack (Fig. 1)
comprises a series of repeating cell pairs framed on either side by electrodes. Each cell
pair is made up of a cation-exchange membrane (CEM), an anion-exchange membrane
(AEM), and two spacers in between to form alternate compartments where the high and
low concentration streams flow. The IEMs allow selective permeation of opposite-
charged ions (counterions) while rejecting water and like-charged ions (co-ions). The
concentration difference across the IEMs creates an electrochemical potential that drives
the diffusion of cations across CEMs towards the cathode, and anions across AEMs
towards the anode, from the high concentration (HC) to the low concentration (LC)
solutions. Redox reactions at the electrodes convert the directional flow of ions into an
electric current; the electric current and the electric potential yielded by the RED pile

can then be used to power the external load connected to the electrodes (Pattle, 1954).
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Figure 1 Working principle of reverse electrodialysis (RED). CEM: Cation-exchange
membrane; AEM: Anion-exchange membrane.

Several authors have developed predictive models to fully capture the RED stack
performance (Tristan et al., 2020a). Early modeling approaches dating back to the 680s
(Lacey, 1980; Weinstein and Leitz, 1976) were updated and refined thereafter to
consider non-idealities (e.g., concentration polarization, electric short-cut currents,
electrode system resistance) (Culcasi et al., 2020; Gurreri et al., 2014; La Cerva et al.,
2017; Ortiz-Imedio et al., 2019; Pawlowski et al., 2016; Post et al., 2008; Tedesco et al.,
2015a; Tristan et al., 2020a; Veerman et al., 2008), complex geometries (e.g., spacerso
designs or profiled membranes) (Ciofalo et al., 2019; Dong et al., 2022; Faghihi and
Jalali, 2022; Gurreri et al., 2017; Kim et al., 2022; Pawlowski et al., 2016), flow
patterns (e.g., co-, counter-, and cross-flow stacks) (Pintossi et al., 2021; Simdes et al.,
2020; Tedesco et al., 2015b; Vermaas et al., 2013), advanced electrode systems (e.g.,
electrode segmentation) (Kim et al., 2022; Pintossi et al., 2021; Simdes et al., 2020;
Veerman et al., 2011), and the presence of organic and inorganic pollutants and multi-
valent ions on feed solutions (Gomez-Coma et al., 2019; Pintossi et al., 2021; Sim0es et

al., 2022).



The membrane power density, i.e., the power generated per total membrane area, the
specific energy, i.e., the energy delivered per volume of HC and/or LC feedwater
consumed, and the energy efficiency, i.e., the salinity gradient energy converted into
useful work, are well-accepted metrics to assess RED energy production feasibility as
they implicitly inform about its cost-competitiveness. Optimization studies mainly focus
on the design and working conditions that maximize these key performance metrics, but
few consider cost metrics (e.g., levelized cost of electricity and capital costs per unit of
power) that are the primary drivers of technology adoption in any sector (Daniilidis et
al., 2014; Giacalone et al., 2019; Papapetrou et al., 2019; Weiner et al., 2015). Genetic
algorithms (Faghihi and Jalali, 2022; Long et al., 2018a, 2018b), gradients-ascent
algorithms (Ciofalo et al., 2019), and response surface methods with a central composite
design (Altéok et al., 2022) are some of the approaches to solve single and multi-
objective optimization problems, to define designs and operating conditions that
maximize the net power density (Altéok et al., 2022; Ciofalo et al., 2019; Long et al.,
2018b), maximize the mass transfer and minimize the pressure drop in the RED cell
(Faghihi and Jalali, 2022), or maximize the net power density and energy efficiency

(Long et al., 2018a) of the RED stack.

Few works address the synthesis and design of the RED process featuring these
predictive models to devise technically and economically feasible flowsheet designs.
Most of the reported studies in the open literature investigate the RED process as a
separate unit or several units in either series or simple arrangements, focusing primarily
on improving the power density and/or the energy conversion efficiency of RED. There
is an intrinsic trade-off between efficiency and power of RED stack as maximizing both
would require conflicting operating conditions, multi-staging or cascade operation and

electrode segmentation of the RED stacks could attain efficient designs with higher



power densities than once-through RED operation (Simdes et al., 2021). Multi-stage
RED adds several degrees of freedom, such as independent electrical control of the
stages (Hu et al., 2020, 2019; Veerman, 2020) (as electrode segmentation offers),
asymmetric staging, and different configurations (Tedesco et al., 2015b; Veerman,
2020; Veerman et al., 2009). Simdes et al. (Simdes et al., 2022, 2021, 2020) and
Pintossi et al. (Pintossi et al., 2021) also investigated the effect of electrode
segmentation and multi-staging of RED stacks under different flow configurations, both

strategies provided higher power densities and energy efficiencies.

Full-scale RED progress demands more techno-economic and environmental
assessments that consider full process design and operational decision space from stack
to the whole system. These pioneering works evidence how challenging it is to model
and estimate the cost of a complex system with interdependent processes and
phenomena. Cost-optimization modeling can effectively assess the economic feasibility
of RED as it can handle strongly coupled systems of equations with several degrees of
freedom (Pistikopoulos et al., 2021). Hence, our aim is to develop a modeling tool to
provide decision-making support from early-stage applied research to full-scale RED
deployment in real scenarios. We present an optimization model formulated as a
Generalized Disjunctive Programming (GDP) problem to define the cost-optimal RED
process design for different deployment scenarios. The GDP optimization model
incorporates a semi-rigorous version of our RED stack model (Gémez-Coma et al.,
2019; Ortiz-Imedio et al., 2019; Ortiz-Martinez et al., 2020; Tristan et al., 2020a) to

determine the flowsheet design that maximize the net present value of the RED process.



2. Problem statement and superstructure definition

Given the site-specific working conditions, i.e., concentration, total flowrate, and
temperature of the HC and LC feedwaters, and the stack parameters of the RED units,
i.e., number of cell pairs, properties of membranes and spacers, the problem is to
determine the RED plant topology and the working conditions of each RED stack in the
plant that maximize the net present value of the RED process. In the quest to tackle
water scarcity, seawater reverse osmosis (SWRO) desalination and re-use of reclaimed
wastewater effluents stand out above all else (UNESCO, 2020; van Vliet et al., 2021). A
foreseeable scenario for RED promotion is next to these energy-intensive processes
(Rani et al., 2022) that are heavily reliant on fossil fuels (IEA, 2016). The SGE
embodied in the reversible mixing of the high-saline SWRO brine and low-salinity
stream as treated wastewater could partially displace the carbon-intensive grid mix
supply of these processes. Besides, environmental and permitting challenges associated
with brine discharge may incentivize RED technology mature. Hence, in all assessed
scenarios, we assume the RED system recovers energy from a SWRO concentrate
effluent (as HC feedstream) paired with a low-salinity water, e.g., freshwater, or

reclaimed wastewater as LC feedstream.

We have defined the superstructure of alternatives based on the Pyosyn Graph (PSG)
representation (Chen et al., 2021b). The RED processdé PSG representation in Fig. 2

consists of the following elements:


























































































